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Abstract
In this work, we report the magnetic dilution effect on the magnetic and magnetocaloric properties of
(Gd1-xYx)(2)NiSi3 (x = 0.25, 0.5, 0.75) compounds by partial substitution of Y ions in Gd2NiSi3. The X-ray
diffraction studies indicate all theses compounds form in AlB2 type hexagonal crystal structure. The dc
magnetic measurements reveal the compounds undergo antiferromagnetic like phase transition below 11.5,
7.2, and 3.1 K for x = 0.25, 0.5 and 0.75 compositions, respectively. The magnetic ground state of the
compounds becoming increasingly fragile with the increase in Y concentration, and results in magnetic field
induced ferromagnetic transition. Such change in magnetic spin configuration is responsible for moderately
large magnetic entropy change (Delta S-M (similar to)19.3 J/kg-K, 14.8 J/kg-K and 9.8 J/kg-K for x = 0.25,
0.5, and 0.75, respectively, for Delta H = 7T) in the cryogenic temperature region. The relative cooling power
(RCP) has also been estimated for all the compounds that appears to be modest ((similar to)503 J/kg for 7T
magnetic field change) for x = 0.25 analogue and reduces further with magnetic dilution effect caused by Y
substitution.
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Abstract
In this work, we report the magnetic dilution effect on the magnetic and magnetocaloric
properties of (Gd1−xYx)2NiSi3 (x = 0.25, 0.5, 0.75) compounds by partial substitution of Y
ions in Gd2NiSi3. The X-ray diffraction studies indicate all theses compounds form in AlB2
type hexagonal crystal structure. The dc magnetic measurements reveal the compounds
undergo antiferromagnetic like phase transition below 11.5, 7.2, and 3.1 K for x = 0.25, 0.5
and 0.75 compositions, respectively. The magnetic ground state of the compounds becoming
increasingly fragile with the increase in Y concentration, and results in magnetic field induced
ferromagnetic transition. Such change in magnetic spin configuration is responsible for
moderately large magnetic entropy change (∆SM ∼ 19.3 J/kg-K, 14.8 J/kg-K and 9.8 J/kg-
K for x = 0.25, 0.5, and 0.75, respectively, for ∆H = 7 T) in the cryogenic temperature
region. The relative cooling power (RCP) has also been estimated for all the compounds
that appears to be modest (∼ 503 J/kg for 7 T magnetic field change) for x = 0.25 analogue
and reduces further with magnetic dilution effect caused by Y substitution.
Keywords: Intermetallics, Rare earths, Magentization, Magnetocaloric effect
1. Introduction
Rare earth based magnetic materials have
attracted a significant attention of the re-
searchers due to their complex phase transi-
tion among different magnetic phases under
the influence of temperature, magnetic field
and pressure. During the last few years, a
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group of rare earth based bulk intermetal-
lic compounds have been extensively stud-
ied due to the exhibition of large magne-
tocaloric effect (MCE)[1, 2, 3, 4, 5, 6, 7,
8, 9]. MCE is an intrinsic thermodynam-
ical phenomena of every magnetic materi-
als where change in material temperature
occurs under the influence of external mag-
netic field under adiabatic condition. MCE
based magnetic refrigeration is of potential
impact in both the field of science and tech-
nology due to their environment friendly
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and energy saving nature over conventional
gas compression/expansion technique[1, 2,
3, 10, 11, 12]. The studies of MCE in differ-
ent rare earth based systems is not only con-
sidered to be important for their technologi-
cal significance but also helps to understand
different complex magnetic interactions in
such systems[13, 14, 15]. Studies of MCE
were primarily focussed on several ferro-
magnetic and some antiferromagnetic mate-
rials undergoing field induced ferromagnetic
transition around their magnetic transition
temperature[16, 17, 18]. However, in most
of such materials, isothermal magnetic en-
tropy change (∆SM), which is an important
parameter to determine MCE in a magnetic
system, decreases quite faster as the sam-
ple temperature separates away from their
respective magnetic transition temperature.
Recently, quite a few different magnetically
frustrated materials have been reported to
exhibit large magnetic entropy change up to
much higher temperature, in comparison to
their phase transition temperature, which
raised immense interest from practical point
of view.
R2TSi3-type of systems, with R = rare-
earth ions, T = transition metals, is one
of such magnetically frustrated systems
where large MCE have been experimen-
tally achieved[4, 5, 14, 19, 20, 21, 22,
23]. In these systems, magnetic and mag-
netocaloric properties strongly depend on
the local electronic environment among the
magnetic rare earth ions[5, 24, 25, 26].
Thus, one may expect different considerable
changes in magnetic and magnetocaloric
properties by tuning the local electronic
interaction by means of external parame-
ters, viz., external pressure[27], and chemi-
cal substitution[28, 29]. To systematically
investigate such change in magnetic and
magnetocaloric properties, we have stud-
ied the effect of non-magnetic element yt-
trium (Y)substitution in one of the mem-
bers, Gd2NiSi3, of R2TSi3 family. It is
reported that, the magnetic ground state
of Gd2NiSi3 consists of coexistence of spin
glass and antiferromagnetic interaction be-
low 16.4 K and the compound exhibits large
magnetic entropy change over a wide tem-
perature scale[4]. In this work, we re-
port the effect of magnetic dilution on the
magnetic and magnetocaloric properties in
(Gd1−xYx)2NiSi3 (x = 0.25, 0.5, 0.75) com-
pounds.
2. Experimental details
Polycrystalline (Gd1−xYx)2NiSi3 (x = 0,
0.25, 0.5, 0.75, 1) compounds were synthe-
sized by standard arc-melting technique in
argon atmosphere in an arc furnace. The
ingots were melted repeatedly with flip-
ping every time to ensure the homogene-
ity. Structural characterization was done
by collecting the powder X-ray diffraction
(XRD) pattern from a TTRAX-III difrac-
tometer (M/s Rigaku, Japan) using Cu-
Kα radiation. The structural refinements
were performed with the help of FULL-
PROF software package[30]. The temper-
ature and magnetic field dependent magne-
tization measurements were carried out in
a superconducting quantum interference de-
vice (SQUID) (M/s Quantum Design Inc.,
USA) in the temperature range 2-300 K and
magnetic fields up to 7 T. Tiny cylindrical
needle shaped samples having small average
diameter (∼ 0.5 mm) and large length (∼ 4
mm) are used for magnetic measurements.
The demagnetization factor of such geome-
try appear to be negligible, when the mag-
netic field is applied parallel to the length of
the samples. The data for x = 0 compound
have been reproduced from the earlier work
2
(2
11
)
(1
03
)
(2
10
)
(2
02
)(
11
2)
(2
01
)
(2
00
)
(1
02
)
(1
11
)
(1
10
)
(0
02
)
(1
01
)
(1
00
)
(0
01
)
 Iobserved
 Icalculated
 Iobserved - Icalculated
 Bragg position
 
 
  
x = 0 RBragg (%) = 6.5
Rf (%) = 5.3
χ2 = 6.6
(a)
RBragg (%) = 1.58
Rf (%) = 2.43
χ2 = 4.04
(b) x = 0.25
In
ten
sit
y 
(a
.u
.)
 
(c) RBragg (%) = 1.23
Rf (%) = 2.44
χ2 = 1.41
x = 0.5
*
(d) RBragg (%) = 1.43
Rf (%) = 1.90
χ2 = 8.87
x = 0.75
*
20 30 40 50 60 70 80
* *
 
(e)
2θ (in degree)
RBragg (%) = 1.85
Rf (%) = 1.57
χ2 = 9.6
x = 1
Figure 1: Room temperature X-ray diffraction
(XRD) pattern with full Reitveld refinement for (a)
x = 0, (b) x = 0.25, (c) x = 0.5, (d) x = 0.75, and
(e) x = 1 compositions along with fitting ‘R’- fac-
tors. The additional peaks marked by ‘*’are the
reflection for additional RNiSi2 phase.
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Figure 2: The hexagonal lattice parameters (a and
c) as a function of yttrium concentration (x). Inset
shows corresponding unit cell volumes.
reported in ref. 4.
3. Results and Discussions
Room temperature powder XRD pat-
terns of (Gd1−xYx)2NiSi3 (x = 0.25, 0.5,
0.75, 1) compounds reveal that all the com-
pounds form in AlB2 type crystal struc-
ture with space group P6/mmm (Fig. 1(a)-
(e)). No significant structural change is ob-
served with the increase of Y concentra-
tion. The samples with x = 0, 0.25 and
0.5 are single phase within the experimen-
tal resolution limit. However, for x = 0.75
and 1 substitution, one may fine the pres-
ence of additional minor phase of stoichiom-
etry RNiSi2. The estimated lattice parame-
ters and the unit cell volume of the synthe-
sized materials along with those of two end
members Gd2NiSi3 and Y2NiSi3 are plotted
in Fig. 2. The lattice parameter values of
the Y-substituted compounds are also listed
in Table 1. The stoichiometries estimated
from full Rietveld analysis have also been
provided in Table 1.
Fig. 3(a)-(d) depict the temperature de-
pendence of magnetization at different ap-
plied magnetic fields for (Gd1−xYx)2NiSi3
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Figure 3: Temperature dependence of dc magne-
tization at different applied magnetic fields under
ZFC and FC conditions for (a) x = 0, (b) x = 0.25,
(c) x = 0.5, and (d) x = 0.75 compositions. Insets
show temperature dependence of inverse magnetic
susceptibility with linear Curie-Weiss fit for the cor-
responding compounds.
Table 1: The hexagonal lattice parameters (a & c),
unit cell volume (V), transition temperature (TN),
paramagnetic Curie-Weiss temperature (θp), effec-
tive moment (µeff), and the calculated stoichiome-
try from full Rietveld analysis for (Gd1−xYx)2NiSi3
compounds.
x a c V TN θp µeff/Gd Calculated
(in Å) (in Å) (in Å3) (in K) stoichiometry
0 3.983(2) 4.098(3) 56.315(1) 16.4 14.3(0) 7.94(1) Gd2Ni1.01(1)Si2.98(1)
0.25 3.976(1) 4.082(2) 55.883(1) 11.5 8.53(1) 7.82(1) Gd1.5Y0.48(2)Ni0.98(1)Si2.98(1)
0.5 3.971(1) 4.070(1) 55.597(1) 7.2 6.56(1) 7.83(1) GdY0.96(3)Ni0.99(2)Si3.0(1)
0.75 3.966(2) 4.058(1) 55.290(1) 3.1 - 1.32(1) 7.86(1) Gd0.5Y1.44(5)Ni0.96(2)Si2.97(3)
1 3.963(1) 4.044(1) 55.020(1) Y2Ni0.99(2)Si2.97(2)
compounds with x = 0, 0.25, 0.5, and
0.75, respectively under both zero-field-
cooled (ZFC) and field-cooled (FC) condi-
tions. The magnetic transition appears to
be in antiferromagnetic type in nature for
all the compounds. However, the transi-
tion temperature shifts to lower tempera-
ture region with increase in Y substitution.
The transition temperatures estimated from
the M(T) behaviour are 16.4, 11.5, 7.2,
and 3.1 K for the compounds with x = 0,
0.25, 0.5, and 0.75, respectively. In com-
parison to the magnetically undiluted com-
pound Gd2NiSi3 (TN = 16.4 K), the tran-
sition temperature reduces for the yttrium
substituted compositions which can be eas-
ily understood as due to magnetic dilu-
tion in (Gd1−xYx)2NiSi3 compounds since
Y has no significant role in magnetic inter-
action in these systems. The paramagnetic
Curie-Weiss temperature (θp) and effective
magnetic moment (µeff/Gd ion) were deter-
mined for all these compounds using the re-
lation M
H
=
Nµ2effµ0
3kB(T−θp)
= C
T−θp , where, N is
the number of magnetic atoms per unit vol-
ume, µ0 is the permeability of free space,
4
kB is the Boltzmann constant, and C is
the Curie constant. By fitting the tempera-
ture dependence of inverse susceptibility be-
haviour with linear Curie-Weiss behaviour
in the paramagnetic region (T > 55 K for x
= 0.25, T > 50 K for x = 0.5 and T > 40
K for x = 0.75) (Insets: Fig. 3(a)-(c)), we
have estimated the values of θp and µeff/Gd
ion, which are listed in Table 1. The esti-
mated θp values found to be positive in case
of Gd1.5Y0.5NiSi3 and GdYNiSi3 revealing
the presence of considerable ferromagnetic
interaction along with dominating antiferro-
magnetic interaction. On the other hand, in
case of Gd0.5Y1.5NiSi3 compound, θp found
to be negative which suggest that the ferro-
magnetic interaction strength also decreases
with increasing Y substitution.
Isothermal magnetization measurements
have been carried out at different tempera-
tures to understand the magnetic field evo-
lution of the magnetic ground state with
the application of external magnetic field.
Fig. 4(a)-(d) displays the M(µ0H) behaviour
at some selected temperatures for the com-
pounds with x concentration 0, 0.25, 0.5,
and 0.75, respectively. Though the low-field
region of the magnetic isotherms found to
be linear which is typical for any antifer-
romagnetic system, a considerable change
in M(µ0H) behaviour is observed at higher
applied magnetic fields. As applied mag-
netic field strength increases, the M(µ0H)
isotherms deviate from linearity and ex-
hibits field induced ferromagnetic like na-
ture at higher fields. At 7 T field strength,
M(µ0H) behaviour almost saturates to a
value of ∼ 7µB/Gd-ion, which is the the-
oretical saturation value expected for paral-
lel alignment of all the Gd-ions. It may be
mentioned here that, in case of the magnet-
ically undiluted compound Gd2NiSi3, full
saturation moment was not achieved for 7
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Figure 4: Magnetic field evolution of isothermal
magnetization at different temperatures for (a) x
= 0, (b) x = 0.25, (c) x = 0.5, and (d) x = 0.75 Y
substituting concentrations.
T magnetic field[4]. Our studies thus reveal
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Table 2: The maximum isothermal magnetic en-
tropy change (−∆SmaxM ) and RCP under the
magnetic field change of 2, 5 and 7 T for
(Gd1−xYx)2NiSi3 compounds.
x
−∆SmaxM (J/kg-K) RCP(J/kg)
2 T 5 T 7 T 2 T 5 T 7 T
0 4.08 12.9 18.4 66 316 525
0.25 4.3 13.5 19.3 66 311 503
0.5 3.7 10.8 14.8 49 222 346
0.75 2.4 7.1 9.8 25 104 171
that with the increase in Y substitution,
the ground state of the compounds become
more fragile and sensitive to perturbing
magnetic field. From the Fig. 4(b)-(c), it is
also evident that M(µ0H) is not linear even
at 50 K for Gd1.5Y0.5NiSi3 and GdYNiSi3
compounds. However, linearity is achieved
at that temperature for Gd0.5Y1.5NiSi3 com-
pound and the results are in accordance
with the inverse susceptibility behaviour.
No magnetic hysteresis is observed in case
of any of the compounds.
In order to evaluate the magnetocaloric
properties of (Gd1−xYx)2NiSi3 (x = 0.25,
0.5, 0.75) compounds, isothermal magnetic
entropy change (∆SM) were estimated from
the magnetization isotherms measured at
different temperatures (below and above the
transition temperatures) using Maxwell’s
relation,
∆SM(T, µ0H) = µ0
∫ µ0H
0
(
∂M
∂T
)
dH(1)
The temperature dependence of −∆SM for
different magnetic field changes of the com-
pounds have been presented in Fig. 5(a)-
(c). All the compounds exhibit large value
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Figure 5: Isothermal magnetic entropy change
(−∆SM) as a function of temperature for different
magnetic field change for (a) x = 0.25 (b) x = 0.5
and (c) x = 0.75 compositions. The data for x=0
sample had been presented earlier in Ref. 4.
of −∆SM around the magnetic transition
temperature. The maximum value found
to be 19.3 J/kg-K, 14.8 J/kg-K and 9.8
J/kg-K in Gd1.5Y0.5NiSi3, GdYNiSi3, and
Gd0.5Y1.5NiSi3 compounds, respectively, for
7 T applied magnetic field change. From
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tropy change (−∆SmaxM ) (b) FWHM of −∆SM(T)
curve and (c) RCP of all the partially yttrium sub-
stituted compounds along with nun-substituted ref-
erence Gd2NiSi3 system as a function of applied
magnetic field change.
the practical view point, it is always de-
sirable to obtain large magnetic entropy
change under low applied magnetic field.
The maximum values of magnetic entropy
change for 2, 5, and 7 T magnetic field
changes are listed in Table 2. The val-
ues are moderate and particularly the value
obtained for Gd1.5Y0.5NiSi3 is quite com-
parable with that of different rare-earth
based intermetallic compound reported to
exhibit moderate MCE in this temperature
region[18, 22, 14, 33, 34, 35, 36, 37] (For de-
tailed comparison with other reported good
MCE materials please see ref[38]). The de-
crease in the −∆SM values with increase
in Y substitution concentration could be
well-understood by the decrease in ferro-
magnetic interaction due to Y substitu-
tion in the system. It should be men-
tioned here that, particularly in case of
Gd1.5Y0.5NiSi3 compound, moderately large
value of −∆SM is observed above the or-
dering temperature which results in broad-
ened peaks. Such type of broadening is gen-
erally observed for compounds having spin
frustration or spin fluctuation that persists
up to much higher temperature than the
characteristic temperatures[4, 13, 31, 32].
This type of broadening in −∆SM(T) be-
haviour also results in moderately large
value of relative cooling power (RCP) in
this compound. RCP is another important
parameter to determine the refrigerant ca-
pacity of a magnetic material and is de-
fined as RCP = −∆SmaxM × δTFWHM , where
δTFWHM is the full width at half maxima
of −∆SM(T) curve. In case of x = 0.75
composition, the FWHM of the −∆SM(T)
curve was estimated by extrapolating to
lower temperature region using polynomial
fit. From the figs. 6(a)-(c), one may con-
clude that with the increase in Y substi-
tution in the system, the spin fluctuation
gets restricted to much lower temperature
and results in faster decay of −∆SM val-
ues above the transition temperature. As
a result, the FWHM of −∆SM(T) curve
becomes much smaller in Gd0.5Y1.5NiSi3 in
7
comparison to lower Y-concentrated sys-
tems and is responsible for reduction in
RCP values. However, as the spin fluctu-
ation is higher in case Gd1.5Y0.5NiSi3 com-
pound, the estimated RCP value found to
be modest, ∼ 503 J/kg, 311 J/kg, and
66 J/kg for 7 T, 5 T, and 2 T magnetic
field changes, respectively. The moderate
RCP value for 2 T magnetic field change
is comparable to different reported good
magnetic refrigerant materials in the cryo-
genic temperature region, viz., GdCo2B2
(83.7 J/kg)[39], Dy0.9Tm0.1Ni2B2C (∼ 44
J/kg)[40], ErNi2 (39 J/kg)[41], TmZnAl
(53 J/kg)[42], Ho3Pd2 (69.2 J/kg)[43],
Nd(Co0.8Fe0.2)2 (77.9 J/kg)[44], etc. The
RCP values for all the Y substituted com-
pounds are less than that achieved for mag-
netically undiluted Gd2NiSi3. Thus, the
effect of Y substitution found to be re-
sponsible for considerable change in mag-
netocaloric properties, particularly in deter-
mining the refrigerant capacity of the sys-
tems.
3.1. Summary
In summary, we have studied the
structural, magnetic and magnetocaloric
properties of partially Y substituted
(Gd1−xYx)2NiSi3 (x = 0.25, 0.5, 0.75) com-
pounds by measuring XRD, dc magnetic
susceptibility, isothermal magnetization
and magnetic entropy change. It was
found that lattice parameter of the com-
pounds decrease with the increase of Y
concentration. All of these materials com-
monly exhibit an antiferromagnetic phase
transition at lower temperatures with an
additional ferromagnetic-like contribution.
Thermomagnetic irreversibility is also
evidenced for all the compounds below
their phase transition temperatures. The
transition temperatures (11.5, 7.2, and 3.1
K for x = 0.25, 0.5 and 0.75 compounds)
and the amount of ferromagnetic coupling
gets weakened with the magnetic dilution
by increasing the Y concentration. The
magnetization as well as the extent of short
range magnetic correlation in the param-
agnetic region decreases with increase in
Y content. The magnetic entropy change
and associated relative cooling power have
been estimated for all the compositions.
The maximum value of isothermal entropy
change of 19.3 J/kg-K, 14.8 J/kg-K and
9.8 J/kg-K are observed for Gd1.5Y0.5NiSi3
compound with relative cooling power
∼503 J/kg, 311 J/kg, and 66 J/kg for 7
T, 5 T, and 2 T magnetic field changes,
respectively. These magnetocaloric prop-
erties of (Gd1−xYx)2NiSi3 compounds may
find attraction as magnetic refrigerating
materials in the cryogenic temperature
region.
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